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Preface

The work reported herein was performed in the Hydraulics Laboratory of
the U.S. Army Engineer Waterways Experiment Station (WES) as part of an
investigation into the hydrodynamics and sedimentation of Humboldt Bay for
the U.S. Army Engineer District, San Francisco (SPN). This report presents
the results of the numerical modeling work.

The work was conducted from October 1990 to April 1993 under the
direction of the following personnel: Messrs. F. A. Herrmann, Jr., Chief of the
Hydraulics Laboratory; R. A. Sager, Assistant Chief of the Hydraulics
Laboratory; W. H. McAnaily, Chief of the Estuaries Division, Hydraulics
Laboratory; D. R. Richard, Chief of the Estuarine Simulation Branch, Estuaries
Division; and Project Manager R. A. Evans, Jr., Estuarine Simulation Branch.

Mr. Evans wrote this report, and Messrs. Richards and McAnally assisted
in the analysis of the results.

At the time of publication of this report, Director of WES was Dr. Robert
W. Whalin. Commander was COL Bruce K. Howard, EN.

The contents of tkis repon are not to be used for adienising. publication.
or pronotional purposes. Citation of trade naoes does not costitute an
offical endorsewen or approval for she use of such comercial products
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Conversion Factors,
Non-SI to SI Units of
Measurement

Non-SI unit of meas ourmt use in fthi report can We converte to SI units
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1 Introduction

Objective

The purpose of this study was to determine the impact of proposed
deepening and widening of the present ship channels on the hydrodynamics
and sedimentation within Humboldt Bay. This study is part of a feasibility
study which is proceeding on the basis that no General Design Memorandum
(GDM) will be prepared.

Background

The Humboldt Bay system is located on the northern California coast about
260 miles' north of San Francisco (Figure 1). The system consists of three
bays, which in a south to north order include South Bay, Humboldt (or
entrance) Bay, and Arcata Bay. The only opening to the Pacific Ocean is a
jettied inlet into Humboldt Bay. Deep-draft navigation channels include the
entrance channel with widths from 1600 ft to 500 ft and a depth of 40 ftk
Fields Landing Channel with a width of 300 ft and a depth of 26 ft, North
Bay. Samoa, and Outer Eureka Channels with widths of 400 ft and depths of
35 ft, and Inner Eureka Channel with a width of 400 ft and depth of 26 ft
(Figure 2).

A majority of the shoaling in the navigation channels is from material
carried to the inlet by longshore transport along the Pacific coast. The primary
sources of this material are the Eel River (about 10 miles south of the inlet)
and the Mud and Little Rivers (about 14 and 20 miles north of the inlet,
respectively) (Mtompson 1971). Because of limited riverine drainage into the
Humboldt Bay system, sediment of a local fluvial origin is a small portion of
the total.

'A able of famtn for cone lag n=-S1 units of messummne to S1 units is found on page v.
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Approach

Since Humboldt Bay has no significant freshwater inflow and is vertically
mixed, the modeling tools used to predict both the hydrodynamics and
sediment transport were vertically averaged, two-dimensional (2-D) finite
element numerical models. These were able to accurately define flow
circulations and sediment transport between the Pacific Ocean and the various
channels in Humboldt Bay. A 2-D finite-element model is ideal for this task
since the area has a highly irregular shape with significant mud flats and marsh
areas (Figure 3). The Corps' TABS-MD modeling system was used to define
the tidal hydrodynamics of the system and to conduct the sedimentation
studies. A detailed description of TABS-MD can be found in Thomas and
McAnally (1991).

The model boundarles included the region of the Pacific Ocean offshore of
the inlet and all the major bays of the Humboldt Bay system. The boundary
conditions were defined at the ocean with a harmonic tide. Prominent features
such as secondary cha-iels, mud flats, and marshes were also modeled. The
TABS-MD hydrodynamic model, RMA-2, was used to simulate tidal flows
over a 16-day period. The 16-day simulation consisted of an initial one-day
spin-up period followed by a 15-day, spring-neap harmonic cycle. The one-
day spin-up is necessary to remove the influence of the initial conditions of
water surface elevation and velocity, which are initially set to constant values
throughout the finite element mesh. The 15-day period was used for limited
verification of the hydrodynamics and as input for the sedimentation model,
STUr1. The study scope of work did not include collection of a synoptic
data set for a more complete verification of the hydrodynamics or sediment
transport. An analysis of harmonic tides and velocities in the region was used
to give insight into the behavior of the flows and was the basis for the limited
verification.

Four geometry conditions were modeled. The following geometries tested
are as described below and are shown in Figure 4 for the entrance:

a. Base (existing) condition.

b. Plan I - Bar and Entrance Channel deepened to 48 ft and the channel
width increased and realigned as indicated by the dashed lines in
Figure 4; North Bay, Outer Eureka, and Samoa Channels deepened to
38 ft; the intersection of the entrance and North Bay widened; and,
Samoa Channel Turning Basin enlarged.

c. Plan 2 - The channels deepened and widened as in Plan 1, with the
entrance channel widened according to the alternative plan suggested by
the ship simulation study. The additional widening is indicated by the
shaded area in Figure 4.

d. Plan 3 - The channels deepened as above, but not widened.

2 ChepWr I Intmroo



2 Hydrodynamic Model
Verification

Model Boundary Conditions and Parameters

The hydrodynamic simulations covered a period of 16 days. This included
a 25-hr spin-up time and 1i-day spring-neap cycle. No freshwater inflows
were specified. A dynamic water level boundary condition at the ocean
boundary was specified. This was synthesized from National Ocean Service
(NOS) harmonic constituents, with hour 0 equal to 00-00 on 24 February 1992.
Eddy viscosity values were based on cell size and Peclet number (or cell
Reynolds umber, P - 1.94 UW.e, U = average velocity, L - average length,
a = eddy viscosity). Flow over the marshes was simulated using the marsh
porosity option in TABS-MD. Elements were assigned to specifIc groups or
types based on size, location, and average depL The viscosities assigned to
each of thes types were computed based on an average lenh dimension of
each computation mesh element and the hig•est expected velocity in that type.
Since all the elements of a specific type were not generally oriented in the
same direction, the average value of the greatest length (the longest leg of a
triangle or the longest diagonal of a quadrlateral) of each element in a speific
type was used for selecting the viscosity used In the hydrodynamic model. An
initial estimate of 40 was used for the Peclet number to generate viscosity
values. be viscosity values were changed to adjust the model results, and
herefore, the final Peclet values also wer changed. Roughness (Manning's n)
was based on watr depth and geographic location (.e., manse were set
rougher than river channels). Tbe viscosity, Manning's n, and approximate
Peclet number for each type an listed In Table 1. Both Mamning's n and eddy
viscosity were adjusted to give the best verification. Although n values of
0.010 and 0.100 seem a bit extreme, they gave the best results for this study.
Many densely vegetated marshes do indeed exhibit roughness ccs
that require an n value of 0.100. However, te value of 0.10 for the channel is
more numerically than physically based. To get the proper lateral distribution
of velocities between deep water and a wetting and drying marsh boundary
with an affordable amount of mesh resolution, it was necessary to exaggerate
the effects of friction. Exaggeration of lateral friction distributions has been

CnpW Ih,, o 3



Table I
VIscosity, Manning's n, and Peclet Number

m m -•
LV~g~g~yPeesi Emsn~l

TV*e X42u/ft Mannimg's n Numbe L"^gh, at Tyle of Ares
-- -

1 50.00 0.010 65 880 Shalow
_Chem

2 50.00 0.010 s0 614 Mein Chimus

3 170.00 0.010 40 3200 Open Omen

4 250.00 0.100 10 1317 Low Mmmshn

5 170.00 ,'"010 40 1380 From Jee Iv

6 200.00 0.100 15 1773 High Muh &
-_ _ _ 115- . Md Prem

used In other studies and by other researchers to impmve verification in tidal
wetting and drying probleL'

Hydrodynamic Model Verification

To verify a hydrodynamic numerical model, it is pIeferal to have a
number of locations for comparison at which water ekvation and velocity is
recorded simultaeously over one or more tidal periods. Since no synoptic
data were available for this study, harmonic tidal data synthesized hom NOS
harmonic constituents were used. The harmonic data were based on an
analysis of historical tides. For this study, the NOS subordinate stations at the
Humboldt Bay entranm (NOS sation 787), Fields Landing (NOS station 791),
and Fueka Slough Bridge (NOS station 797) were used to aid in verification
of the model. Note that the various harmonic constitumts and phase
differnmces for the tides are based on simultaneous observations at the
refernce station at Crescent City, California (NOS station 805) and at the
subordinate location.

Figure 2 shows the Humboldt Bay system with channel centerine locations
and the three tide data locations. The harmonic tide at the emrmce was used
at the ocean boundary for the tidal boundary condition (FIgure 5). The
accuracy of the reconssructed tide at the subordinate stations depends on the
length of time the simultaneous observations were made and the distance away
from the reference stations. Eureka Slough tidal constituents are based on a
simultaneous observation period of 7 months (April-October 1978), Fields
Landing on a period of 9 months (April 1978-January 1979), and Humboldt

' an King, personal comni-catio, University of California, Davis.
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Bay entrance Cn a period of I year (1979). Each was referenced to Crescent
City, California (peroal communication with Tom Kadrick, Coastal
Erutuine and Oceanography Branch. National Ocean Service, Rockvlll, MD).
Note that the distance from Crescent City to Humboldt Bay is approximately
70 miles. The recorded tidal elevations at subordinate stations are used in
co~junction with tidal records at CresceM City to derive harmonic tidal
Constituents. The ierived values are affected by both the geometry between
the refernce and observation stations and by the length of time for which tidal
data was sampled. The geometry between Crescent City and Humboldt Bay
entace consists of open ocean that is both simple and deep and changes little
from year M year. Thefore, tidal components derived for the Humboldt Bay
enrac (based on CresceM City) should have little geometry irAuced error.
However, the interior geometry of Humboldt Bay is more complex and
sigtficant changes could occur from year to year. This results in larger
geometry induced error for the interior stations of Humboldt Bay than
obse•,' at the entrance. In addition, the simultaneous sampling periods of the
interior locations are shorter than that of the entrance, leading to less accuracy
in the tidal constituents. In general, the subonrinate stations provide fairly
good guides for predictions of water elevations, but the jrediction accuracy of
the interior stations ll be less than that of the entrance.

The difference between the water surface elevations predicted by the RMA-
2 model and that predicted by harmonic synthesis at the entrance is shown in
Fiu 6. The largest differece is less than 0.1 fL Figurs 7 and 8 show the
model results and the harmonic synthesis at Eureka Slough Bridge and Fields
Landing, respectively. These results show less agreement (maximum
differences of -1.0 ft at Eureka Slough Bridge and -0.6 ft at Fields Landing)
and are probably due at least in part to the inaccuracy of the harmonic
constituents as discussed above. These harmonic data can only be used as a
guide to verification, not as absolute data.

Tidal Spectra

In an effort to further evaluate the model verification, Fast Fourier
Transforms (FF1) were performed on the tidal elevations of both the model
Outpus and the harmonic data for the entrance, Eureka Slough Bridge, and
Felds Landing. Figures 9 through 11 show the WIT's for both the model and
harmonic synthesis results at the entrance, Eureka Slough Bridge, and Fields
Landing, respectively. Note that the Y axis is logarithmic. The plot on the top
of each figure shows the spectrum for frequencies between 0 and 04/"hr
(corresponding to periods of - and 2.5 hr, respectively); the bottnom is an
enlargement for femuencies between 0 and O.1Zhr (corresponding to periods
of- and 83 hr. respectively). Also shown are the peaks coresponding to the

01 (Principal lunar diurnal, period = 25.82 hr), the KI (Luni-solar diurnal,
period = 23.93 hr), and the M2 (Principal lunar, period = 12.42 hr) tidal
constituents. These show that the model is reproducing the main constituents
of the harmonic tides fairly accurately. The largest inaccuracy in the spectrum
is at the O/hr, or DC frequency. The spectrum amplitude differences cannot be

ChqW 2 Hydr•yamw Mod VwM~fon 5



distiguished from the plots, so they are listed below. These show that the
umrace has the best agreement between model and harmonic predictions,

Fields Landing the second best, and Eureka Slough Bridge the worst.

_______ OMw Amplitude (114w)

TIM11" hton RMA. HUmonro Differeno

Enun•o 3422 3430 8

Flald Lwxtdg 3430 3736 306

EuwoM Slough bldg. 3437 4045 606

Water Velocities of the Plan Tests

Figures 12 and 14 show the general pattern of flow at flood and ebb,
respectively, for the Base condition. Figures 13 and 15 show the velocity
magnitude contours for the same times. From the NOS current tables, the
maximum flood and ebb velocities for Humboldt Bay entrance are 2.7 and
3.4 ft/sec, respectively. The velocities predicted by RMA-2 show good
agreement with these values. Figures 16 through 27 show the flood and ebb
patterns and velocity magnitudes at the same times for the three plans. In
general, while the flow patterns do not change significantly, the velocities of
the plans decrease. This decrease is due to the increased cross-sectional area
of the plansi

Figures 28 and 29 show the average velocity magnitude over the spring-
neap period versus the distance from project mile 0. The velocities were
extracted for center lines through the navigation channels. The first centirdine
runs from the end of the jetty through the entrance Channel and then
northward through North Bay Channel The center lines for both Samoa and
Eureka Clannels begin at this point. The centerline for Fields Landing
Channel starts at the intersection with the entrance channels and runs in a
southerly direcion to Fields Landing. The results show that for all plans, the
average velocity tends to be less than for the Base condition. The plan with
the largest change in cross-section, Plan 1, shows the largest change in
velocity. Plan 3, with the smallest change in cros-section, shows the least
change in velocity. Plan 2, which has the same channel dimensions as Plan I
from approximately mile 1 to the ends of Eureka and Samoa Channels, shows
only slight velocity differences from Plan I in the entrance channel.

Water Surface Elevations of the Plan Tests
There is concern that increasing the depth and/or width of the navigation

channel could affect sensitive aquaculture locations in Arcata Bay. Figures 30

6 Chaptr 2 Hydm*dyTic Mod.l Vedrfimln
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through 41 examine the change in average high and low water surface
elevations for the various plans. Each figure presents the change in high water
in the top plot and the change in low water in the lower plot. The upper curve
in each plot represents the Base average high or low water level over a 15 day
spring-neap cycle, referenced to Mean Lower Low Water (MLLW). The lower
curve in each plot represents the (Base-Plan) difference. The appropriate scale
for the average water level is to the left, the scale for the difference is to the
right, as indicated by the arrows. Note that the scale of the difference values
is five times the scale of the high and low water elevations. No plan shows an
absolute high or low water difference greater than 0.04 ft.

Figure 42 shows the predicted (Base) tide at Mud River Slough (see
Figure 2 for location) for a 26-hr period, with the difference of Base-Plan for
each of the three plans. Note that the scale on the left is for the water surface
elevation while the scale on the right is for the difference and is larger by a
factor of 10. This illustrates that the maximum deviation in water surface
elevation is less than 0.1 ft and that the maximum deviations occur at or near
mid-tide, not high or low tide. This further supports the premise that the
planned channel changes will not significantly affect the tide ranges.

Chapter 2 Hydrodpynac Model Verification 7



3 Sediment Model
Verification

Seimentation processes were simulated using the computer model
Sediment T iasport in Unsteady, 2-Dimensioal low, Horizontal Plane
(STUDH). 'This program computes the transport, dPosition, and erosion of
sedimens in two-dimensional open channe flows. STUDH will model both
cohesive (clays) and non-cohesive (sands) sediments. Grain size, fall velocity,
water suface e o, X-vecity, y-veloty, diffusion coefficients, bed
density, and roughnes coefficients must be defined as npu to STUDH. The
hydrodynamic input to STUDH were compuled by RMA-2. A detailed
description of STUDH can be found in Thomas and McAnally (1991).

Sediment Data

As stated above, the main source of sediment in the channels is sand
coming in from the Pacific Ocean through the inlet. The sedime is fairly
well distributed with lar sizes predomirnt in the inlet and smaller sizes
iand The northern chanmels contain mediun to fine sand and Fields
Landing Channel contains fie sandL

STUDH uses the Ackers-Whte (1973) formula for non-cohesive transport.
bis formula uses the dw grain size (grain size at which 35% of the sample is

finer). Based on this information, the sediment sizes for the numerical
sediment transport model, STUDH, were determined. The base grain size was
0.3 mm with a shape factor of 7. However, STUDH allows the grain size for
transport to be adjusted by node. The grain size for transport was Wined by
location. The ocean area grain size was set at 0.4 am; grain size from the
enUrance chanel to the intersection with the North Bay and Fields Landing
Channels was also set to 0.4 mm. The grain size in North Bay Channel was
reduced from 0.4 to 0.05 mm (medium to very fine sand) lineady over a
distance of 1000 ft from the intersection northward; beyond that range, the size
was a constant 0.05 mm. The size in the Fields Landing Channel and all marsh
and mud flats was set at 0.05 mm. These sizes are content with sediment
analysis described in the trature ((Wt and Skeesick 1964; Thompson 1971).
All fall velocities were based on the transport sediment size with the exception

8 Ch,,s. 3 SedmW, Moa" Veffiohdw



of te ocean area, which had a wafUng velocity of 0.0 m/sec. Since no wind-
wave action was simulated in the open ocean, which would normally keep
much of the sediment suspended, the fal velocity there was set to zero. The
maximum fall velocity was WO = 0.06 m/se, c xr ding with the maximum
transport size of do = 0.4 mm. The relationship used to determine the fail
velocities for the Smaller sizes was W(d) = Kd2, where W is in m/sec, d is in
-m, and K=WO/d'A. These equations are derived from the equation for the fall
velocity of spheres with constant gravitational acceleration, kinematic viscosity,
and specific weight of the fluid (Vanoni 1975, Equation 2.2).

The initial sediment concentation in the ocean was defined to be
0. 100 kgUn'. This value was determined by trial and error, since no actual
concentrations were available. To generate an initial concentration field for the
area of ierest, a 15-day simulation was made with an initial concentration of
0.100 kgWrn at all locations. The concentration field at the end of this
simulation was then used to defne the initial concentration for all locations,
with the exception of the ocean which was kept at 0.080 kWg•n, for the next
15-day simulation. Only the results of the second simulation were used to

-dc shooling raw.

Manning's n values were defined at each node, base on ft roughness
values used to compute the hydrodynamics with RMA-2. The values were
adjusted to get the best sedientat-Ion results from STUDH and ranged from a
high value of 0.067 (marshes and mud fiats) to a low of 0.0067 (all others
ares). These values were used with Manning's equation to compute th bed
shear st .

Field Data versus Model Results

Average aling rat were estimated based on yearly dredging volumes.
Reduced to cubic metersfday, the prototype shoaling rates for the various
channels were as folJows (Hubernz and Brown 1991):

chmand m mO y PeeMod

Baar & Enh 1182 (1964-1967)

rn a Eiwane 1334 (1976.19W)

Not Bay 251

amoa 21

Ieblds Leding 106

Eureka 21

lpu 3 Sediment MOM Vedht 9



The top of Figure 43 shows the measund and predicted shoaling rates for
the five chanmels. Note that the Bar and entrance channel measun!d rate is for
the most recent period (1976-1989). T7U rates predicted by STUDH are the
total volume over a spring-neap cycle, divided by the time (15 days) and are
as follows:

Chasme Ohoing RM eu wMy

Ow & Enbrums 1437

Norl Bay 214

SOwn 6

F"UdsLrud 43

Eur*lM 6

Theprictd results a relatively clo•e to tf measured Values. Sediment
models which show oer-of-magntud agreement ae normally considerW
adequa These reslts show much better than an order-of-magnitude
agrement. Specifcally, the channels with the largest amount of shoaling, the
Bar and entrance and the North Bay, show differences between predicted and
measured of only 7 and 17 percent, respectively.

Sedimentation of the Plan Tests

The boom of Figure 43 shows the shoaling rim for Base, Plan 1, Plan 2,
and Plan 3 conditions. The remuts, in tabular form, are u follows:

Chum, IdPII Pin 2Po$

Onw&Eiwm 1437 17314 I=_1

Na Bay 214 20_. __ l_ _ 2_0

snon= 6 6 4 4

" LaUdng 43 41 29 42_

EuIm 65 4

Flgu s 44 and 45 show the sediment omncentrations at a high and low tide
for the base. This shows that the concentration decreases rapidly with distance
away from the inlet.

Figures 46 through 49 show the total bed change for the Base, Plan 1,
Plan 2, and Plan 3 geometries, respectively. The most noticeable difference is

10 C 3 SimntM Mod Vegoodma



ft vaiaton In the 1-inch (14.96 day chige) contour at the tips of the jetties
In Pha 2. For tle Bae and Plans 1 and 3. this contour is basically a msight
line perpendicular to th jetties. For Plan 2. the ediment is settling much
fahudw tward the ocean In a V shape. Also, all gemetles except Plan 2
have a 5 Inch bed chang contour. This indicates at the lower water
velocities of Plan 2, combined with the small cwoss-ectional area at the
entrance Inhibits the flow of sediment fnom the ocean much mom effectively
thm ae other geometries.

COmplr 3 Sd*mt Model Vookn 11



4 Conclusions

As stated in the first paragraph the prpose of this study was to determine
the impact of proposed deepening and widening of ft presen ship cbhann
on the hydrodynamics and sedimenaton within Humboldt Bay. Three plan
geometries were studied. Pla 1 had the navigation channel deepened and
widened according to the Dibtrs design; Plan 2 had the chanels deepened
and widened according to the altenative plan suggested by the ship simulation
sotuy Plan 3 bad the channels deepiened only.

The reults ftm the hydrodynamics indicate that by deepening amd/or
widening the chemeb, the velocities will decrease due to an Increase in cmss-
sectional area. The tide range wil not be significanly cbanged.

The results for the sedimentation study indicate thi Plan 1 will have the
la'est mnoun of shoaling increase, due both to a lar cross-section at the
ocean and the increased chand ma. Plan 2 seems to have a significantly
lower inflow of sedimentm than all o geometries including the Basem.

12 ChW 4 cW&MbM
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